The orbital energy of molecule is significantly shifted upon going from gas phase to solution phase. Based on Koopmans' theorem, the shift should be related to the change of ionization potential. However, the computed shift looks usually random and clear understanding has not been attained yet. Furthermore it is obtained only after solving complicated equations. In this study, we report a systematic framework for understanding the orbital energy shift by solvation effect and simple approximate formulae are presented.
I. INTRODUCTION
Orbital energy ͑͒ is one of the most important quantities to characterize electronic structure of molecule. For example, plays a crucial role to describe the reactivity in the frontier orbital theory. is also deeply related to the molecular property such as ionization potential ͑IP͒ through Koopmans' theorem, 1 although is not physically measurable. Recently, direct observation of ionization and excitation energy becomes experimentally available for solvated molecule, 2,3 and the observed values often exhibit significant change from gas-phase ones. However systematic understanding has not been established yet.
In fact, it is also well known that computed in solution phase is different from that in gas phase due to the interaction between solute and solvent. [4] [5] [6] [7] The electronic structure of solvated molecule can be calculated using solvation theory such as the family of reference interaction site modelself-consistent field [8] [9] [10] ͑RISM-SCF͒ and polarizable continuum model ͑PCM͒. 11 However, the obtained shifts look often random; sometimes increases and sometimes decreases. Figure 1 illustrates the shifts of orbital energies of acetamide in aqueous solution computed by PCM. It looks lacking in orderliness, namely, classifications such as corevalence or -orbital seem nothing short of impossible. It is also noted that the shifts are obtained only after solving complicated modified Schrödinger equation. Unfortunately, we could not find any literatures for systematic study of the solvation shift although several comprehensive reports on polarization of solvated molecule have been presented. 12, 13 In other words, we can explain the mechanism of the shift neither logically nor comprehensively, and the understanding of the solvation shift of has not been systematized at all. In this study we propose a systematic framework for understanding the orbital energy shift due to solvation effect. Since the electronic polarization of a molecule is coupled with solvent reaction field, the shift could be understood from the view point of dielectric continuum theory. With the aid of the theory, the shift is systematized and several simple formulae are presented to rationalize it.
II. COMPUTATIONAL DETAILS
All the calculations were carried out at Hartree-Fock ͑HF͒ level using 6-311+ + G ‫ءء‬ basis set. 14 The computations were carried out with the gas-phase optimized geometries because we would like to exclude the geometrical contribution to the orbital energy shift. We examined the following 19 organic compounds; acetamide, acetic acid, acetone, ammonia, dimethyl ether, dimethyl sulfide, formaldehyde, formamide, hydrogen sulfide, methanethiol, methanol, methyl amine, N-methyl formamide, phosphoric acid, propene, pyridine, pyrole, sulfuric acid, and water. They were taken from Ref. 15 and supply 265 molecular orbitals ͑MOs͒ including core orbitals ͑all of them were considered in this study͒. Several atomic ions ͑Li + , Na + , K + , F − , Cl − , Br − , I − ͒ were also studied.
Solvation effect was taken into account by RISM-SCF-SEDD ͑spatial electron density distribution͒ ͑Ref. 10͒ and PCM. 11 The RISM-SCF-SEDD is a hybrid method of MO theory and statistical mechanics, an integral equation theory for molecular liquid. Similar to QM/MM, the method determines the electronic structure of a solute as well as the solvent distribution around it in a self-consistent manner, and successfully applied to various chemical processes in solution phase. The method provides microscopic information of the solvation structure in terms of the pair correlation function ͑PCF͒. A typical example is illustrated in Fig. 2 . The first peak between O͑acetamide͒-H͑solvent water͒ found in 2 Å represents the hydrogen bonding. The strong electrostatic field on the oxygen atom in acetamide generated by this localized interaction can be dealt with by RISM-SCF-SEDD method.
The RISM equation was solved with hypernetted chain closure 16 at T = 298.15 K. On solving the portion of RISM procedure, the Lennard-Jones parameters for the solute molecules were taken from Refs. [17] [18] [19] [20] [21] . SPC-like model of water was employed 22 with a correction of the LennardJones parameters of the hydrogen sites ͑ = 1.0 Å, ⑀ = 0.056 kcal mol −1 ͒ under the condition of 1.0 g / cm 3 . Acetonitrile 23 and methanol 24, 25 were also employed as solvent with 0.786 and 0.792 g / cm 3 of density, respectively. All the parameters are summarized in Table I . PCM computations were performed with the standard parameters implemented in GAMESS program package, 26 while the parameters for atomic species ͑ions͒ and acetonitrile solvent were taken from GAUSSIAN 03. 27 RISM-SCF-SEDD calculations also carried out with GAMESS modified by us. It should be emphasized that a general framework of the understanding is independent on the choice of the solvation models as will be shown below, although two different methods, RISM-SCF-SEDD and PCM, were employed to compute the electronic structures of solvated molecules in this study.
III. THEORETICAL CONSIDERATION OF ORBITAL SHIFT

A. General theory and electrostatic interaction
The orbital energy in gas phase
given by standard Fock operator F 0 as follows:
In solution phase, electrostatic interaction is formed between solute and solvent and the potential field from solvent, V is added to the operator,
where i and i are the MO and its energy of solvated molecule, respectively. It is noted that both of F and V are the functional of MOs, which change upon transferring from gas phase to solution phase,
where both of F 0 and V 0 are associated with the electronic wave function of the solute molecule in gas phase. Thus, the orbital energy shift by solvation ͑⌬ i ͒ is given by 
⌬ i is then expected to be approximated as follows:
The quantities of both sides of this equation were separately obtained for comparison: the left-hand side is the difference computed by subtracting gas phase i 0 from i directly obtained with PCM or RISM-SCF-SEDD methods. The righthand side is the sum of matrix components that are related to PCM or RISM-SCF-SEDD procedure. As shown in Fig. 3 , the contribution from i wf is surely negligible and the orbital energy shift, ⌬ i , is well approximated by the sum of the three terms, namely, right-hand side of Eq. ͑8͒ in almost all cases.
Let us proceed to further simplification of the relation. By expanding about arbitrary point, i UV is rewritten as follows:
where Q i and i 0 are the total charge and dipole moment associated with ith MO, respectively.
For charged molecules, the first term in the right-hand side ͑Q i V 0 ͒ is dominative. In particular for highly symmetric system, the orbital shift may be simplified only with this i UV because of the absence of the contribution from polarization. The other two terms ͑ i ee and i wf ͒ in Eq. ͑8͒ are not necessary to be considered. Since the occupation number in a MO, corresponding to Q i is a constant, the energy shift is simply written as ͑approximation 0͒,
Note that the electrostatic potential V 0 is mostly determined from the total charge of the solute molecule as discussed below.
If the solute is neutral molecule, the first term in Eq. ͑9͒ is vanished and the second term becomes the leading one, in which R 0 is the reaction field corresponding to the total dipole moment of the solute molecule in isolated state ͑ 0 ͒. To study the two terms neglected in Eq. ͑8͒-namely, i rlx and i ee -the relationship between them is plotted in Fig. 4 . Both of PCM and RISM-SCF-SEDD computational results clearly show a strong correlation between these two quantities. It should be emphasized that the MOs examined here are gathered from a variety of organic compounds. Within the framework of Onsager's dielectric continuum model, this can be explained as follows: the change in reaction field ͑⌬R͒ come from the density change is given by
where ⑀ is the dielectric constant of solvent, a is the cavity radius, and ⌬ is the change in dipole moment of the solute molecule. By comparison of Eq. ͑11͒ with Eq. ͑5͒, i rlx can be related to the quantity
͑12͒
In a similar manner, i ee is the change in the Fock operator, which is linked to the change of electronic energy. On the analogy of the expression of the polarization cost using the polarizability of the solute molecule ͑␣͒,
As seen in the definition, the contribution is an expectation value of wave function and not proportional to ͑⌬͒ 2 because such a contribution is included in i wf . We then reached the following equation using the relationship: 
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Orbital energy shift by solvation effect J. Chem. Phys. 130, 044107 ͑2009͒ ⑀ = 80.0, the slope is determined as Ϫ0.476. As seen in the figure, this value coincides with the distribution for examined 265 MOs. Using this relationship, Eq. ͑8͒ can be then rewritten as an approximated form that is valid for many organic compounds in aqueous solution ͑approximation I͒,
where C I is equal to Ϫ1.102 for organic compounds in aqueous solution. Alternatively we can derive ͑approximation II͒,
C II equals +0.524 for the same conditions. Since the increase in the dipole moment by solvation is given by Onsager's model,
͑17͒
and the reaction field is proportional to this quantity, the orbital energy shift might be further simplified only with using i UV ͑approximation III͒,
where C III = 0.656. In this form the shift can be estimated only from the information of gas-phase electronic structure. Remember that Gao et al. 13 discussed induced dipole moment of molecules in aqueous solution based on QM/MM simulations. They found that the dipole moment of organic compound in aqueous solution is about 1.3 times larger than that in gas phase for a variety of organic compounds. Actually, the prefactor of the right hand side of Eq. ͑17͒ is 0.31 by using n = 1.4 and ⑀ = 80.0, which shows excellent agreement with their report.
IV. COMPUTATIONAL RESULTS AND DISCUSSIONS
A. Ionic species in aqueous solution
Winter et al. 3 recently observed the IP of several ions in aqueous solution. Here we consider ionization of several atomic species in aqueous solution as follows:
According to Koopmans' theorem, the orbital energies computed by RISM-SCF-SEDD and PCM are regarded as the reversed sign of IPs. The change in IPs by solvation ͑⌬IP͒ is calculated as the difference between the orbital energies computed by both of the methods,
As an example, computed IPs of Cl − in gas phase are 4.1 eV ͑Koopmans͒ and 3.2 eV ͑⌬MP2͒, 32 respectively. In aqueous solution, the evaluated values are 11.7 eV ͑Koopmans͒ and 10.9 eV ͑⌬MP2͒, indicating the difference between the two methods is similar in magnitude to the gas phase. This trend is also found in polyatomic molecular systems. The most important is the difference is much smaller than the effect from solvation, especially for ionic species, and the discussion based on Koopmans' theorem is expected to provide correct understanding in semiquantitative sense.
In the present simplest system, an equivalent quantity can be evaluated from the above mentioned "approximation 0." By using Born approximation with ionic radius a, the shift is written as
where Q is total charge of the ionic species. a's are taken from the PCM parameters. Figure 5 compares Eq. ͑20͒ with 
B. Verification of the approximations
We would like to check accuracy of the introduced approximations for other ordinary polyatomic molecules. Similar to the treatment on Eq. ͑8͒, the exact value of the shift ͑⌬ i ͒ is compared to the formulas, ⌬ i approx I ͑Fig. 6͒, ⌬ i approx II ͑Fig. 7͒, and ⌬ i approx III ͑Fig. 8͒. In all the figures, results from PCM and RISM-SCF-SEDD are plotted all together. In any case, the approximated formulas work well and the shift can be understood over a variety of MOs. The approximation II looks slightly better than approximation I presumably because i ee used in this expression is a direct quantity related to the electronic structure of solute molecule while i rlx is the electrostatic interaction from solvent field, which indirectly associated with the orbital property. Approximation III is the lowest level of approximation that uses just single-species matrix elements, i UV . Even with this simple expression, the estimated shifts are satisfactory, strongly indicating that the orbital energy shift is essentially derived from the electrostatic interaction acting on MO. Good agreement between the two solvation methods indicates that the derived approximations are universal and applicable to other type of solvation theories.
C. Orbital energy shift in various solvents
The obtained relationships are also valid for other solvents. Figure 9 shows the exact shifts in ͑a͒ methanol and in ͑b͒ acetonitrile compared to the approximation III formula. The dielectric constants are 32.62 ͑methanol͒ and 36.64 ͑acetonitrile͒, leading to 0.651 and 0.652 of C III , respectively. Again, good agreements are found in all the cases: the orbital energy shifts in methanol computed from the two methods are plotted in narrow confine. The result in acetonitrile solvent is also similar, but somewhat interesting. The values computed by RISM-SCF-SEDD tend to be distributed at the right-hand side of the line, suggesting that the electrostatic solute-solvent interactions evaluated by RISM-SCF-SEDD are slightly stronger than those by the dielectric continuum theory. We would like to remind the readers that it makes sense that the PCM results are closer to the line because the 
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Orbital energy shift by solvation effect J. Chem. Phys. 130, 044107 ͑2009͒ approximated formula is derived with the aid of dielectric continuum model. It would be possible that the RISM-SCF-SEDD results are closer to the "experimental" valueswhich are not available at this moment-because RISM-SCF-SEDD is based on the atomic level interaction between molecules, and specific coordination and local structure such as hydrogen bonding are explicitly treated. There is still controversy over the liquid structure of acetonitrile but it is very plausible that strong electric field is generated in this highly polar solvent.
The main difference between PCM and RISM-SCF-SEDD is usually attributed to the capability to describe such specific solvation structure. As seen in Eq. ͑18͒, the shift is predictable if the electrostatic interaction is known,
Note that all the information in the last term contains only gas-phase quantities, meaning that the shift can be estimated, in principle, only from the electronic structure obtained by standard MO method. However, in practice, determination of V 0 is not simple and depends on the solvation methods. 33, 34 In the RISM-SCF-SEDD theory, the potential operator of solvation effect is evaluated from PCFs between the solute site A and solvent s, g As ͑r͒.
where b A is an appropriate population operator on atom A. 8 In evaluation of V 0 , PCFs were evaluated from the electronic structure fixed to isolated molecule ͑g As 0 ͑r͒͒. The corresponding operator in PCM theory is evaluated from the effective charges of each tesserae on the boundary surface, t ,
In a similar manner, effective charge corresponding to the electronic structure in gas phase is t 0 . All the quantities could be computed if ͕ i 0 ͖ are available, but actual treatment of V 0 differs in both methods. It is interesting that complicated modern computational results can be explained by unified formulas based on the simplest Onsager's theory. The dipole moment based expression can reasonably represent the solute-solvent interaction at least in the present set of molecules.
D. Solvation structure and energy shift
Finally, we would like to get back to the orbital energy shifts of acetamide shown in Sec. I. As shown in Fig. 1 , orbital numbers 1 ͑oxygen core͒, 5 ͑-bond͒, and 15 ͑lone pair͒ are greatly affected by solvation. Based on Eqs. ͑9͒ and ͑18͒, the shift must be attributed to the interaction between the ith orbital dipole moment ͑ i ͒ ͑Ref. 35͒ and total dipole moment of the molecule ͑ 0 ͒,
where i is the angle between i and the total dipole moment. i for the three orbitals are 8.9, 6.4, and 6.7 D, respectively. As seen in Fig. 1 , larger amplitudes in the 1st, 5th, and 15th orbitals are found near oxygen atom, which is one of the keys to make the orbital shifted. Another important aspects drawn from the equation is the relative directions of the two dipole moments ͑see Fig.  10͒ . For example, ͉ 4 ͉ is large enough ͑8.4 D͒ but its direction is almost opposite to that of the total dipole moment of the molecule, 0 . As a result, the orbital energy is positively shifted. In summary, combination of spatial extension of the MO and electrostatic field generated by surrounding solvent governs the energy shift of MOs.
V. CONCLUSIONS
We present a systematic understanding for energy shift of MO by solvation effect. With the aid of dielectric continuum theory, several simple formulae are developed to rationalize the orbital energy shifts. For charged system, Borntype treatment is acceptable to estimate the orbital shift. At the same time, approximated formulae based on the Onsagertype model are satisfactory for examined 265 MOs of neutral species. We found that both of the spatial distribution of MO and electrostatic field generated by surrounding solvent are important to determine the orbital energy shift. The developed formulae are valid to explain both for PCM and RISM-SCF-SEDD computations, strongly indicating the discussion in this study is a common consequence to understand the electronic structure of solvated molecule, being independent of the choice of solvation theories.
The orbital shift is not a direct observable but deeply related to IP and/or electron affinity via Koopmans' theorem. In the forthcoming paper, the relationship between the experimental measurements and computational evaluation for solvated molecule will be extensively discussed. 
